Abstract Genetic variations in ERBB4 were associated with increased susceptibility for schizophrenia (SCZ) and bipolar disorders (BPD). Structural imaging studies showed cortical abnormalities in adolescents and adults with SCZ or BPD. However, less is known about subclinical cortical changes or the influence of ERBB4 on cortical development. 971 healthy children (ages 3-20 years old; 462 girls and 509 boys) were genotyped for the ERBB4-rs7598440 variants, had structural MRI, and cognitive evaluation (NIH Toolbox ®). We investigated the effects of ERBB4 variants and family history of SCZ and/or BPD (FH) on cortical measures and cognitive performances across ages 3-20 years using a general additive model. Variations in ERBB4 and FH impact differentially the agerelated cortical changes in regions often affected by SCZ and BPD. The ERBB4-TT-risk genotype children with no FH had subtle cortical changes across the age span, primarily located in the left temporal lobe and superior parietal cortex. In contrast, the TT-risk genotype children with FH had more pronounced age-related changes, mainly in the frontal lobes compared to the non-risk genotype children. Interactive effects of age, FH and ERBB4 variations were also found on episodic memory and working memory, which are often impaired in SCZ and BPD. Healthy children carrying the risk-genotype in ERBB4 and/or with FH had cortical measures resembling those reported in SCZ or BPD. These subclinical cortical variations may provide early indicators for increased risk of psychiatric disorders and improve our understanding of the effect of the NRG1-ERBB4 pathway on brain development.
Introduction
The ERBB4 receptor tyrosine-protein kinase gene is involved in the production of different isoforms of the ERBB4 protein through alternative splicing (Steinthorsdottir et al. 2004) . ERBB4 binds trophic factors, such as neuregulin-1 (NRG1) or neuregulin-3. In the central nervous system, ERBB4 and its ligand NRG1 play a critical role in neurodevelopment such as glial and neuronal migration, myelination, excitatory neuronal receptor expression and the onset of puberty (S. Chen et al. 2006; Mei and Xiong 2008) . Alterations in the NRG1-ERBB4 signaling results in brain dysfunction (Law et al. 2006; Mei and Xiong 2008; Norton et al. 2006 ), which in turn may lead to processes that might contribute to the pathophysiology of schizophrenia (SCZ) and bipolar disorders (BPD) (Maier et al. 2006; Mei and Xiong 2008; Stefansson et al. 2002) .
In prior epidemiologic studies, genetic variations and riskhaplotypes in ERBB4 were associated with SCZ and BPD (P. Chen et al. 2012; Goes et al. 2011) in several ethnicities (Bae et al. 2012; Buxbaum et al. 2008; Greenwood et al. 2012; Hatzimanolis et al. 2013; Lu et al. 2010; Nicodemus et al. 2006; Norton et al. 2006; Shiota et al. 2008; Silberberg et al. 2006; Stefanis et al. 2013) . SCZ and BPD share some common symptoms, such as psychosis, and are hypothesized to be neurodevelopmental disorders caused by both genetic and environmental factors (Lewis and Levitt 2002; Rapoport et al. 2005) . Symptoms of SCZ and BPD typically emerge during late adolescence (Buka and Fan 1999) ; however, potential markers or predictors are rarely investigated in the presymptomatic stages in humans.
Meta-analyses of magnetic resonance imaging (MRI) studies in patients with SCZ and/or BPD showed significant brain abnormalities (Arnone et al. 2009; Beyer et al. 2009; Gogtay and Rapoport 2008) . The most consistent brain abnormalities include enlarged lateral ventricle, reduced volume of the left medial temporal lobe, and reduced gray matter in the frontal and latero-temporal lobes (Arnone et al. 2009; Ellison-Wright et al. 2008; Fornito et al. 2009a, b; Glahn et al. 2008; Honea et al. 2005; Shenton et al. 2001) . Widespread cortical thinning across the entire brain was reported in SCZ adults (Goldman et al. 2009; Kuperberg et al. 2003) , while BPD patients had only thinning of the frontal and temporo-parietal regions (Rimol et al. 2010; Rimol et al. 2012) . SCZ and BPD adolescents with new onset symptoms also showed thinner frontal and temporal cortices compared to healthy controls (Janssen et al. 2014; Voets et al. 2008 ). However, adolescents with SCZ had altered cortices in the temporal, parietal and occipital regions compared to BDP adolescents, who had only focal thinning of their frontal regions (Janssen et al. 2014) . The lack of age-related cortical thinning observed in SCZ and/or BPD patients may result from an abnormal pruning in those patients compared to healthy individuals (Mattai et al. 2011; Thormodsen et al. 2013) . Therefore, an overlap of cortical structure abnormalities exists between SCZ and BPD, suggesting a common pathophysiological process; however, little is known about the effect of age on frontal and temporal abnormalities in SCZ and BPD.
Few neuroimaging studies have evaluated the effect of ERBB4 variations on brain activation and microstructures, primarily in healthy adults. For instance, healthy adults with risk-haplotypes in ERBB4 and NRG1 along with another susceptibility gene for schizophrenia, AKT1 gene, showed less brain activation (Nicodemus et al. 2010) . Adults carrying these risk-haplotypes also had less activation in the dorsolateral prefrontal cortex during working memory tasks compared to the non-risk-haplotype carriers, although no group difference in activation was observed in subjects with only one of these risk-genotypes (Nicodemus et al. 2010) . Diffusion tensor imaging (DTI) showed that ERBB4-risk-genotype carriers had lower fractional anisotropy (FA) in the left temporal lobe (Konrad et al. 2009 ) and in the anterior limb of the internal capsule (Zuliani et al. 2011 ), compared to non-risk genotype carriers. Taken together, these findings suggest that risk variants in ERBB4 in healthy adults are associated with reduced brain function and white matter integrity in the left frontotemporoparietal regions, which are often affected in SCZ patients (Winterer et al. 2003) and may indicate increased risk for these disorders. However, the effect of ERBB4 variations on typical brain development before the manifestation of symptoms of SCZ or BPD has not been studied using surface-based morphometry.
One of the risk-haplotypes for schizophrenia includes three variants (rs839523, rs707284 and rs7598440) in ERBB4 that are all associated individually with white matter alterations, although each may have a minor effect on the risk of developing SCZ (Konrad et al. 2009 ). We focused our analysis on the functional rs7598440 variants since the TT-risk variant for SCZ and BPD was associated with increased expression of the CYT-1 isoforms of ERBB4 (exon 26) in the human SCZ brain (Silberberg et al. 2006) , specifically in the hippocampus and the dorsolateral prefrontal cortex (Law et al. 2007) . Healthy TT-riskcarriers at rs7598440 also had higher GABA levels in their dorsal anterior cingulate gyrus (Marenco et al. 2011 ) and in their cerebrospinal fluid (Luykx et al. 2012) compared to non-risk-carriers. Moreover, the rs7598440-TT-risk variant is commonly found (25-30 %) in the general population (Harrison and Weinberger 2005) . Furthermore, studying rs7598440-TT phenotypes in typical children eliminates the potential influence of antipsychotic drugs on the expression of ERBB4 (Wang et al. 2008 ) and on brain structures (Torres et al. 2013) . Therefore, we investigated the ERBB4 genotype and age-by-genotype interactions on cortical brain morphometry in a large cohort of 3-20 years old children, using a surface-based morphometric analysis. Typically-developing children with the risk-variant in ERBB4 at rs7598440 may exhibit age-related smaller cortices of the frontal and temporal regions resembling those observed in SCZ and BPD patients, even in the absence of clinical symptoms of psychiatric disorders.
The heritability of SCZ between twins is about 40-60 % in monozygotic twins and 10-20 % in first-degree relatives (Agim et al. 2013; Cardno and Gottesman 2000; McGue and Gottesman 1991) , suggesting a familial pre-disposition. We further analyzed the effects of family history of SCZ and/or BDP and their interactions with the ERBB4 variations at rs7598440 on cortical regions shown to be altered in children with the ERBB4 variants or with SCZ and/or BPD, in particular the frontal and temporal regions. Furthermore, we examined whether the rs7598440 variants and family history of SCZ and/or BPD showed independent or combined effects on cognitive domains commonly impaired in SCZ or BPD, including episodic memory, working memory, executive function and processing speed (Schaefer et al. 2013) . We expect that children with the TT-risk allele and family history of SCZ and BPD will have lower cognitive performance compared to children with the other two genotypes (CC and TC).
Materials and methods
The Pediatric Imaging, Neurocognition, and Genetics (PING) study is a cross-sectional study that enrolled 1,494 typicallydeveloping children ages 3 to 20 years old. Data were collected across ten academic institutions in the United States, and included whole genome single nucleotide polymorphism genotyping, developmental and neuropsychological assessments (NIH Toolbox®), and high-resolution brain MRI. The database is available at http://ping.chd.ucsd.edu. The PING study design, experiments, and consent (oral and written) were approved by the institutional review boards involved with human subject research protections at each of the ten institutions.
Subjects Details on the recruitment and subject characteristics are presented on the PING website (http://ping.chd.ucsd.edu) and have been reported previously Douet et al. 2014; Fjell et al. 2012; Walhovd et al. 2012) . Briefly, girls and boys of any ethnicity 3 to 20 years old were included in the PING study. They were excluded if they were born preterm (<36 weeks); had any neurological disorders (e.g., cerebral palsy, fetal alcohol syndrome, Down's syndrome, fragile X, cerebral neoplasm, bacterial meningitis, epilepsy, etc.); history of failure to thrive within the first year of life; any diagnosis of psychiatric disorders (e.g., autism, schizophrenia, bipolar disorders, etc.); history of head trauma with loss of consciousness for more than 30 min; pregnancy; or any contraindications for MRI or severe claustrophobia. The three ERBB4 genotypes at rs7598440; TT, TC, and CC, were available in 982 of 1,494 children enrolled. Although being preterm born was an exclusion criteria in the original PING protocol, eleven children were born prematurely and had genotype available (<36 weeks of gestation: 1CC, 3TT and 7 CT; HWE χ 2 =1.1, p=0.29), but were excluded from our study. A sub-cohort of 136 children (40CC, 65CT, 31TT, HWE χ 2 =0. 49, p=0.78) had a family history of SCZ and/or BPD. Family history included both first-degree and second-degree relatives that share about 25-50 % of the participant's DNA.
Genotyping and genetic ancestry factor Saliva samples were collected from each participant. Genomic DNA was extracted and analyzed using the Illumina Human660W-Quad BeadChip. Replication and quality control filters (i.e., sample call rate>99 %, call rates>95 %, minor allele frequency>5 %) were used (Bakken et al. 2012) . Genetic ancestry factors (GAF) were assessed using multidimensional scaling analysis and actual estimates of local ancestry in admixed populations (LAMP) (Sankararaman et al. 2008) , as previously described (Akshoomoff et al. 2014) .
Image acquisition and processing The neuroimaging techniques, data acquisition and analyses were reported previously Fjell et al. 2012; Walhovd et al. 2012) and are available on the PING website (http://ping.chd.ucsd.edu). MRI was performed on 3-Tesla scanners (7 Siemens; 1 General Electric; 2 Philips Medical) and included a 3-D T1-weighted structural scan (MP-RAGE, 1.0 × 1.0 × 1.2 mm 3 resolution, 8 min acquisition time). The MRI data were transferred to the central processing site (UCSD), and were checked for protocol compliance, based on DICOM header information. After visual inspection for possible artifacts, unacceptable scans were excluded from the study. The MP-RAGE images were analyzed with modified Freesurfer software (http://surfer.nmr.mgh.harvard.edu/) that parceled the brain into fuzzy clusters based on genetics correlations of relative surface area measures (Bakken et al. 2012) . 893 of the 971 children genotyped for rs7598440-ERBB4 had data for socioeconomic status (SES), sex, scanner device, and GAF, and met quality criteria for cortical measurements (thickness, area, volume). Among children excluded from the study due to missing data (n=78), the genotype distribution was 22CC, 42CT and 14TT (HWE χ 2 =0.61, p=0.44).
Cognitive performance The NIH Toolbox® Cognition Battery evaluated 6 major cognitive domains: Executive Function, Attention, Episodic Memory, Processing Speed, Language, and Working Memory (Akshoomoff et al. 2014; Weintraub et al. 2013 ). However, we focused only on the four domains shown to be affected in SCZ or BPD (Schaefer et al. 2013) , which include episodic memory, executive function, processing speed, and working memory.
Statistics Statistical analyses were performed using the Dataportal interface (https://ping-dataportal.ucsd.edu/) ) that uses a general additive model (GAM) as implemented by the R program (http://www.rproject.org). GAM is a multiple linear regression model that allows smooth functions of the predictor variables, such as age or covariates, where the degree of smoothness is data-driven rather than pre-specified (Ha 1986 ). The Dataportal provided significance maps (vertex model) for effects of interest on cortical volume, area, and thickness. Significance maps for the genotype effects and genotype-by-age interactions on cortical structures were generated using age as a smooth independent variable, and included a linear independent term for genotype and a smooth interaction between age and genotype. Significance maps for the family history of SCZ and/or BPD (FH) on cortical structures were analyzed with the vertex model using smooth age as covariate, and a linear term for FH. All statistical models accounted for SES (reflecting the highest parental/guardian education and household income), sex, GAF (Akshoomoff et al. 2014) , and scanner device, as needed. Significance maps were thresholded using the false discovery rate (FDR) to correct for multiple comparisons at the 5 % level (Benjamini 1995) . Three-way age-by-FH-by-ERBB4 interactions on cognitive performance were analyzed with ANCOVA, using age (continuous), FH (category), and genotype (category) as independent variables, and a linear interaction between age, FH and the genotypes. Post-hoc analyses of the interactive effects of FH and age on cognitive domains were performed only on domains showing a 3-way interaction (Age-by-FH-by-ERBB4). Corrections for multiple comparisons were performed using Holm-Bonferroni rank order method (Aickin and Gensler 1996) .
Results

Participants and covariate selection
The 971 children were 12.07±4.95 years old (462 girls and 509 boys). Across the three rs7598440-ERBB4 variant groups, children were similar in genotype distribution (Hardy-Weinberg equilibrium, p=0.97) and sex proportion. However, children carrying the TT-risk genotype for SCZ and BPD were younger than C-carriers (post-hoc t-test analysis, p<0.0001).
The CC-homozygous children had the lowest socioeconomic status (SES), calculated from the combined household income and parents/guardians' highest level of education (Table 1) .
No genotype differences were found among children with American Indian and Central Asian genetic ancestry (genetic ancestry factor, GAF). However, the T-risk allele frequency was higher than the CC-homozygous frequency in children with European and East Asian GAF, but lower in children with African GAF. The homozygous TT-children were more prevalent amongst those with Oceania GAF. To account for these group differences, each statistical model included GAF, sex, and age as covariates.
Effects of the ERBB4 variations on cortical structures Figure 1 shows statistical probability maps (F-test) of ERBB4 effects on cortical structures. ERBB4 effects on cortical volumes were mostly driven by genotype group differences in cortical surface areas rather than on cortical thickness (Fig. 1a) ; however, we evaluated both area and thickness differences to illustrate these group effects.
Genotype effects on cortical areas and volumes were commonly found in brain regions that are altered in patients with psychotic and schizophrenic symptoms (Rimol et al. 2012; Friedman et al. 1999; Gutierrez-Galve et al. 2015; Jacobsen et al. 1998; Janssen et al. 2014; Rimol et al. 2010; Thompson et al. 2001) . These regions included the temporal and occipital lobes, the cortical part of the limbic system (entorhinal and parahimpoccampal cortices), the precuneus and the inferior parietal cortex in both hemispheres; the superior frontal, and the medial orbito-frontal cortex in the right hemisphere, and the superior frontal cortex in the left hemisphere (Fig. 1a) . Overall, areas and volumes in these regions followed an The different rs7598440 ERBB4 genotypes differ by the genetic ancestry factor (GAF) and socioeconomic status (SES, which combined household income and highest education of parents/guardians) Both variables (GAF and SES) were therefore included in our statistical models for group comparisons inverted-U shape, peaking around age 10 years, showing the onset of pruning of the gray matter structures as the brain matures (Fig. 1b to f) . However, children with the TT-risk genotype at rs7598440-ERBB4 (red curves) showed a more pronounced age-related growth of these regions at younger ages, followed by a steeper decline during adolescence compared to the non-risk children (Fig. 1b to f) . Cortical thickness was affected by ERBB4 genotype in very few cortical regions, including the superior parietal and parahippocampal cortices and the occipital lobule, in the left hemisphere (Fig. 1a) . These regions also presented strong genotype effects on area and volumes.
Family history of schizophrenia and bipolar disorders focally affects cortical structures We next determined whether family history of SCZ and/or BPD (FH) affected similar cortical brain regions as those altered by the ERBB4 genotype during childhood and adolescence. Children with FH had reduced surface area compared to those with no FH in both temporal lobes, and in the cortices of the left superior frontal and of the left medial orbito-frontal regions. Only one cluster in the extreme posterior part of the right isthmus cingulate cortex showed reduced thickness in children with FH. Interestingly, the bilateral temporal lobes showed both a genotype and an FH effect Fig. 2 .
The rs7598440-ERBB4 variations and family history of schizophrenia and/or bipolar disorders (FH) on cortical structures Since we found specific regions impacted by genotype and by FH, we further evaluated cortical changes in children without FH separately from those with FH (Figs. 3 and 4) .
Children without FH exhibited genotype effects (Fig. 3a) , or subtle but significant genotype-by-age effects (Fig. 3b to g ) on surface areas for a substantial portion of the cortex. Specifically, children with the TT-risk genotype showed smaller surface areas bilaterally in the occipital and temporal lobes at very young ages (<5 years), but had a more pronounced agerelated growth of these regions until 10 years of age, followed by a steeper decline during adolescence compared to the nonrisk children (Fig. 3b to c) . The TT-risk genotype children had smaller areas for the left superior parietal lobule across the entire age range compared to the C-carriers (Fig. 3d) . Trajectories for the surface area in the left dorsomedial frontal region Fig. 1 Effects of the ERBB4 variations on cortical structures. (a) Statistical maps for the effects of ERBB4 on cortical thickness, area, and volume at each vertex were generated using the general additive model. Sex, GAF, SES and scanner device were included as covariates, and the models were corrected for multiple comparisons with the false discovery rate (FDR; 0.05). The effects of the ERBB4 genotypes on cortical structures were plotted against age. (b) Children with the TT-risk genotype for schizophrenia/bipolar disorder (red) showed a more pronounced inverted U-shaped age-trajectory compared to the non-risk genotype children (CC in green and CT in blue) in cortical areas of the left inferior parietal cortex (shown in scatterplot, b), left temporal lobe (c) and right posterolateral temporal lobule (f), as well as in volumes of the left anteromedial temporal cortex (d), and in volumes of the left temporal lobe (e). The anteromedial temporal (AMT) region comprises the fusiform, entorhinal, and parahippocampal cortices diverged at age 13 years between the heterozygous CT children and the other children (Fig. 3e) , whereas the TT-risk children had smaller surface areas in the right precuneus at younger ages (<10 years) compared to the non-risk children (Fig. 3f) . Thickness of the left superior parietal lobule, the left occipital lobe and the left lingual and parahippocampal cortices also had a genotype effect in children with no FH (Fig. 3a) . The cortical thickness in TT-risk carriers showed a slight Ushape curve across the age range in these brain regions (Fig. 3g to h ) compared to the almost linear age-related decrease in thickness in the non-risk carriers.
Children with FH showed significantly greater and more distinct differences in genotype effects on surface areas compared to those without FH, with pronounced involvement of the frontal lobe (Figs. 3 and 4) . In this sub-cohort of children with FH, the TT-risk carriers had steeper cortical surface area growth with age in these frontal as well as temporal regions compared to the non-risk children until early adolescence (<11 years old), but had a greater age-related decrease during adolescence (Fig. 4b to f) . Note, however, that none of the TTrisk children with a family history of SCZ and/or BPD were older than 17 years old.
These findings show that the effects of the risk allele(s) in rs7598440-ERBB4 on cortical brain regions differ according to the family history of SCZ and/or BPD in these children. For example, the frontal lobe areas differed by the rs7598440-ERBB4 variation across the age range in children with FH, Fig. 2 Statistical p-value maps for the effects of Family History of schizophrenia and/or bipolar disorders on cortical structures. The effects of family history of schizophrenia (SCZ) and/or bipolar disorders (BPD) on cortical area and thickness were evaluated at each vertex with a general additive model. Sex, GAF, SES, and scanner device were included as covariates and models were corrected for multiple comparisons with the false discovery rate (FDR; 0.05). Overall, family history of SCZ and/or BPD (FH) affects cortical areas more than thickness. Children with FH had greater reduced areas in the temporal lobes, the left supramarginal gyrus, the left medial orbito-frontal and the right superior frontal cortices compared to children with no FH Fig. 3 Statistical significance maps of the ERBB4 variants on cortical structures in children with no family history of schizophrenia (SCZ) and/ or bipolar disorders (BPD). The effects of the ERBB4 genotype at rs7598440 were evaluated on cortical area and thickness at each vertex with a general additive model. Sex, GAF, SES and scanner device were included as covariates. Statistical models were corrected for multiple comparisons with the false discovery rate (FDR; 0.05) Fig. 4 Statistical significance maps of the ERBB4 variants on cortical structures in children with a family history of schizophrenia (SCZ) and/or bipolar disorders (BPD). Sex, GAF, SES and scanner device were included as covariates. Statistical models were corrected for multiple comparisons with the false discovery rate (FDR; 0.05) Fig. 5 Effects of rs7598440-ERBB4 on cognitive performance. (a) Three-way Age-by-rs7598440-byFH interactions on the four cognitive domains most consistently impaired in schizophrenia and/or bipolar disorders: episodic memory (PSMT, Picture Sequence Memory Task), working memory (LS, List Sorting) and executive function (DCCS, Dimensional Change Card Sort) and processing speed (PCPS, Pattern Comparison Processing Speed). Models were performed using a smooth age, a linear term for genotype, sex, SES and GAF, and a smooth interaction between age, genotype, and family history of SCZ and/or BPD (FH). (b) Episodic memory and working memory scores on log scales were plotted against age in children carrying the TT-risk genotype at rs7598440 with (blue) or without (red) a family history of SCZ and/or BPD. Lines are the fitting curves generated using the GAMs by genotype controlling for SES, GAF and sex while the temporal lobe surface areas varied with the different rs7598440-ERBB4 genotypes across the age range, but independently of FH. However, smaller regions such as the precuneus, parahippocampal, and entorhinal cortices or the superior temporal gyrus were associated with the rs7598440-ERBB4 variants independently of FH.
Age-by-genotype interactions on cognitive performance Episodic memory, working memory, executive function and processing speed are cognitive domains often affected in individuals with SCZ and/or BPD (Bora et al. 2014; FatourosBergman et al. 2014; Schaefer et al. 2013) . We examined whether the rs7598440-ERBB4 variants differentially impact the performance on these cognitive domains, with or without a FH of SCZ and/or BPD, and across the age range. We found 3-way interactions (age-by-rs7598440-ERBB4-by-FH) for episodic memory (p=0.04, Fig. 5a ) and for working memory (p= 0.05, Fig. 5a ). Specifically, during childhood, TT-risk genotype children with FH performed worse on episodic memory but better on working memory than those without FH (<12 years, Fig. 5b ). During early adolescence (12-16 years), their performances on both domains became the same in both groups (Fig. 5b) . In contrast, C-carrier children with FH had similar age-related scores in all four domains compared to those with no FH (p>0.05, data not shown). Executive function showed only an age effect, whereas processing speed presented an interactive effect of age and FH (Fig. 5a) ; children with FH performed worse than those without FH during early childhood, but normalized after puberty (p=0.04, data not shown).
Discussion
To our knowledge, this is the first study describing the independent and interactive effects of the rs7598440-ERBB4 variants and of SCZ and/or BPD family history on cortical structures in healthy children across an age range that includes puberty, the period of symptom onset for SCZ and BPD. The rs7598440-ERBB4 variations have widespread effects on the temporal and parieto-occipital regions, which are often altered in patients with SCZ or BPD (Friedman et al. 1999; Jacobsen et al. 1998; Konrad et al. 2009; Rimol et al. 2010; Thompson et al. 2001) or in healthy adults carrying the T-risk allele at rs7598440-ERBB4 (Konrad et al. 2009 ). In contrast, familial history of SCZ and/or BPD (FH) affects mainly the superior temporal lobe, and the left medial-orbito frontal and left supramarginal regions. Moreover, variations at rs7598440 had a greater impact in various brain regions of children with FH of SCZ and/or BPD, suggesting an additive effect of FH and ERBB4 genotype on cortical development. Lastly, exploratory analysis on cognitive performance showed age-bygenotype-by-FH interactions in episodic memory and working memory; both are cognitive domains most consistently impaired in SCZ or BPD (Bora et al. 2014; Maier et al. 2006; Schaefer et al. 2013 ). Thus, our observations provide additional evidence for the vulnerability of the risk genotype of ERBB4 in children with subclinical or presymptomatic phenotypes for SCZ and BPD.
Whole-brain analysis showed that variations in ERBB4 affect mainly the development of the temporo-parieto-occipital regions, and the left superior frontal gyrus. Compared to the non-risk C-carrier children, children with the TT-risk genotype for SCZ and/or BPD had smaller volumes and areas in these regions, but had a trend for greater age-related increases in thickness of the left superior parietal lobule and left occipital lobe. These results resemble the pattern of cortical thinning of the parietal and occipital lobes as well as the frontal cortex in SCZ and/or BPD adolescents (Jacobsen et al. 1998; Janssen et al. 2014; Thompson et al. 2001 ) and adults (Gutierrez-Galve et al. 2015; Rimol et al. 2010 ). In our study, ERBB4 variations had subtle but significant age-related cortical thinning and surface area shrinkage compared to the typical cortical developement (Sowell et al. 2002) . However, the additive effect between ERBB4 variations and family history of SCZ and/or BPD shows that children with the TT-risk alleles and FH had more pronounced reduction of cortical areas, primarily in frontal regions, than the other two genotypes, suggesting accelerated pruning in these regions. In addition, variations in ERBB4 affected the corticolimbic regions that are impaired in SCZ and/or BPD patients (Diwadkar et al. 2012b) . Those regions contain the fronto-temporal fiber tracts and fibers that connect the parieto-occipital regions to the frontal cortex (Oishi et al. 2010) . The fronto-temporo-parietal regions also showed abnormal activation and reduced functional connectivity in SCZ patients and their relatives (Konrad and Winterer 2008; Winterer et al. 2003) , while the fronto-temporal fiber tract showed lower fractional anisotropy in healthy adults carrying the SCZ-risk-ERBB4 genotype compared to the non-risk carriers (Konrad et al. 2009 ). Moreover, we found age-by-FHby-genotype interactions in short-term memory (including episodic and working memory), which is supported by networks spanning frontal and temporal lobes (Metzler-Baddeley et al. 2011) . Therefore, our findings suggest that the ERBB4-T-risk alleles may partially contribute to these cognitive deficits by altering primarily age-dependent changes in cortical areas in the brain regions affected in SCZ or BPD.
Differential expression of the ERBB4 receptor, which may lead to imbalance in the NRG1-ERBB4 signaling pathway, may be related to changes in cortical surface area and thickness (Buonanno 2010; Chong et al. 2008; Konrad et al. 2009; Nicodemus et al. 2010) . The TT-variation at rs7598440 results in an increase of the ERBB4 (CYT-1) transcript levels in the hippocampus (Law et al. 2007) . Similarly, an increase of ERBB4 protein levels was observed in SCZ patients compared to healthy controls in the dorso-lateral prefrontal cortex (Chong et al. 2008) . One could speculate that agerelated cortical changes mediated by the ERBB4 genotype are dependent on the actual expression of ERBB4 (CYT-1 up-regulation) in the dorso-lateral prefrontal cortex and the hippocampus of SCZ patients, both regions were implicated in the cortico-limbic system that is impaired in SCZ and BPD patients. Since ERBB4 is involved in progenitor cell control, neuronal and glial migration, dendritic growth and arborization (Chen et al. 2006; Mei and Xiong 2008; Norton et al. 2006) , subtle disturbances in each of these factors or a combination of these factors may contribute to the morphometric changes observed in our population. Therefore, intrinsic factors such as genetic variation in ERBB4 may contribute to the pathological processes for SCZ and BPD. However, other risk genes and additional environmental factors are most likely required for the full manifestations of these genetic effects, and ultimately to the development of diseases.
Having a family history of SCZ and/or BPD involves both shared genetic inheritance and likely shared environmental factors. Our children with a FH of SCZ and/ or BPD indeed showed regional age-related changes that primarily affected areas in the left superior temporal lobe as well as bilaterally the superior frontal cortex, independent of the ERBB4 genotype effects. However, while the temporo-parietal regions showed ERBB4-genotype interactions in children with no FH, the frontal lobe including the dorso-lateral prefrontal cortex and the superior temporal lobe exhibited interactions only in children with FH. Our findings are consistent with prior studies of SCZ patients that consistently found cortical shrinkage in prefrontal and temporal cortices (Jacobsen et al. 1998; Janssen et al. 2014; Mattai et al. 2011; Rimol et al. 2012) , suggesting abnormal pruning and/or synaptic reorganization. In SCZ, reduced connectivity between temporal lobe regions was shown previously, and involved memory and language functions and the dorsolateral prefrontal cortex, which is required for executive control (Diwadkar et al. 2012a; Eisenberg and Berman 2010; Kane and Engle 2002) . In our pediatric population, we only found episodic memory and working memory to be affected in younger children with the TT-risk genotype children and a family history of SCZ and/or BPD.
Lastly, our study provides additional support for the role of ERBB4 in the pathophysiology of SCZ and BPD, and its differential effects with age on cortical structures and short-term memory (working memory and episodic memory) performance. The finding that these effects are further enhanced in the children with a family history of these disorders support the heritable characteristics, or other shared environmental risk factors, for SCZ and BPD.
Limitations
Our cross-sectional study did not include the entire lifespan, but included the period when SCZ or BPD symptoms may emerge. The age-by-genotype and age-by-genotype-by-FHrelated changes on cortical structures in this large sample of subjects are unlikely caused by a cohort effect; however, longitudinal studies are required to confirm the validity of these findings over time and their relation to changes in the clinical phenotypes (Kraemer et al. 2000) .
Schizophrenia and bipolar disorders are polygenic diseases whereby each of multiple gene variations contributes minor fractions to the overall risk for disease. On the other hand, structural brain abnormalities observed in SCZ and BPD are also found in other disorders, such as substance use disorders (Marshal et al. 2008) . Therefore, combining brain imaging and genetics (i.e., imaging genetics) not only allow identification of vulnerability for SCZ or BPD, but also provide the identification of prodomal markers for developing psychotic symptoms. Given our preliminary results on the differential effects of ERBB4 genotypes on cortical changes in children with and without family history of SCZ and/or BPD, it would be interesting to further investigate brain differences in children and adolescents with new-onset psychosis or BPD symptoms, and determine whether the cortical changes we observed are similar to those with a higher risk of developing SCZ or BPD. However, it is important to note that cortical changes mediated by the ERBB4 risk variant is likely to play only a subtle role in the total vulnerability to these disorders, since other risk genes likely contribute independently or interactively with this variant to the pathophysiology. For instance, NRG1 genotype variation is also associated with increased risk for SCZ and/or BPD and with altered brain development in the same pediatric cohort (Douet et al. 2014) .
Our interpretation is limited to typically developing children, some of whom may have a higher risk for SCZ and/or BPD as well as other psychiatric disorders (Jeppesen et al. 2014) . Longitudinal follow-up would validate and assess the progression of the regional brain changes in these psychiatric disorders, while eliminating the potential effects of medication or treatments on cortical measures (Torres et al. 2013) , or on ERBB4 expression (Wang et al. 2008 ).
Conclusion
The specific functional variations rs7598440 in ERBB4 have age-specific effects on cortical structures in a large cohort of healthy children ages 3-20 years old. Age-by-genotype interactions were found primarily in the fronto-temporal lobes of children with a family history of SCZ and/or BPD, but only in the temporo-parieto-occipital regions in children with no family history of these disorders. These cortical changes were observed in children without any cognitive or clinical manifestations of psychiatric disorders. Nevertheless, many of the changes in children with the T-risk-allele of ERBB4 and a family history of SCZ and/or BPD occurred in brain regions that are also altered in patients with SCZ or BPD; therefore, these findings may indicate increased risk of SCZ or BPD in these healthy children.
Further replication studies involving clinical samples as well as longitudinal follow-up studies are needed to confirm whether these prodromal brain alterations would evolve in relation to clinical symptoms. These subclinical cortical changes may provide early indicators or predict the development of psychiatric disorders and improve our understanding of the biological effects of the NRG1-ERBB4 signaling cascade in human brain.
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